AZT (zidovudine, 3-azido-3-deoxythymidine), although metabolized primarily to AZT-glucuronide, is also metabolized to 3-amino-3-deoxythmidine (AMT) by reduction of the azide to an amine. The formation of the myelotoxic metabolite AMT has not been well characterized, but inhibition of AMT formation would be of therapeutic benefit. The aim of this study was to identify compounds that inhibit AMT formation. Using human liver microsomes under anaerobic conditions and [2-14 C]AZT, K m values of AZT azido-reductase, estimated by radio-thin-layer chromatography, were 2.2 to 3.5 mM (n ‫؍‬ 3). Oxygen completely inhibited this NADPHdependent reduction. Thirteen of the 28 compounds tested inhibited the formation of AMT. In addition to the CYP3A4 inhibitors ketoconazole, fluconazole, indinavir, ritonavir, and saquinavir, metyrapone strongly inhibited AMT formation. An unexpected finding was the more-than-twofold increase in AMT formation in the presence of ethacrynic acid, dipyridamole, or indomethacin. Such activation of toxic metabolite formation would impair drug therapy.
this reduction was moderately enhanced under anaerobic condition or by the addition of flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN) . It was also shown that NADH was as effective as NADPH in the microsomal azidoreduction of AZT under anaerobic condition, implying the involvement of NADH-cytochrome b 5 reductase (25) .
Because of the high prevalence of opportunistic infections and malignancies with AIDS, AZT is frequently prescribed in combination with antimicrobial agents, antipyretics, cytostatics, and immunomodulating drugs. Initially, the focus of drug interactions was the glucuronidation pathway. Interference with AZT glucuronidation has been shown with several drugs in vitro in human liver microsomes (27, 33) and in clinical studies with rifampin, valproic acid, and fluconazole (5, 6, 24, 29) .
However, knowledge of interference with the reductive system which converts AZT's azido group to an amino group (AMT) is limited. In vitro, AMT formation was inhibited significantly by 0.1 mM ketoconazole, which is a selective inhibitor of CYP3A at low, submicromolar concentrations (13) . Formation of AMT significantly increased in liver microsomes of rats pretreated with phenobarbital, dexamethasone, and clofibrate, inducers of CYP2B, CYP3A, and CYP4A, respectively. The formation of AMT may also be enhanced through inhibition of AZT glucuronidation. Furthermore, the half-life of AMT in plasma is longer than that of AZT, and accumulation of this toxic metabolite is possible (34) . Any change in the conversion of AZT to AMT would impact cytotoxicity; any decrease in AZT toxicity in therapy will have clinical benefits.
The goal of the present study was to identify compounds that inhibit the enzyme which mediates AZT azido-reduction to AMT. Such an inhibitor could be appropriate for use as an adjunct drug in AZT therapy to diminish or eliminate toxicity. In pursuit of this objective, a radio-thin-layer chromatography (TLC) method was developed enabling detection and measurement of AZT and its metabolites in human liver microsomes.
To obtain clinically relevant data, we used human liver microsomes to monitor the activity and inhibition properties of AZT azido-reductase. We screened 28 compounds, including the substrate and inhibitors of NADPH-dependent reductases and cytochrome P-450. Some compounds activated the azidoreductase, resulting in as much as two-fold increase in AMT formation. The activation by these compounds was further investigated, and two possible mechanisms are discussed.
MATERIALS AND METHODS
Materials. [2-14 C] AZT (specific activity, 55 mCi/mmol) was purchased from Moravek Biochemical (Brea, Calif.). AZT, AMT, GAZT, NADPH, NADH, FAD, FMN, and all of the other drugs tested for their effects on AZT reduction were obtained from Sigma Chemical Co. (St. Louis, Mo.). HIV protease inhibitors were supplied by the following pharmaceutical manufacturers: saquinavir (Invirase), from Roche UK; indinavir (Crixivan), Merck, West Point, Pa.; ritonavir (Norvir), Abbott, Chicago, Ill. Silica gel TLC plates with a preadsorbent spotting area were from J. T. Baker, Phillipsburg, N.J. (20 by 20 glass plates with 19 channels; catalog no. 7010-04.
Human liver preparations. Human liver samples (from kidney donors) in the University of Toronto Liver Bank, stored at Ϫ70°C, were partially thawed, homogenized 1:1 in 1.15% KCl, and centrifuged at 9,000 ϫ g for 20 min, and the supernatant was centrifuged at 100,000 ϫ g for 60 min (35) . The microsomal pellet was washed and resuspended in phosphate buffer (pH 7.4) and stored at Ϫ70°C until used. Protein concentrations were determined by the bicinchoninic acid method (Pierce Chemical Co., Rockford, Ill.) with bovine serum albumin as the standard.
Incubation and radio-TLC conditions. The 0.5-ml standard incubation mixtures (in duplicate) contained a constant amount of [2-14 C]AZT (0.3 Ci) and various concentrations of unlabelled AZT (0.1 to 30 mM), 5 mM MgCl 2 , 5 mM NADPH, and 100 l of microsomes (about 2.7 mg of protein) in 10 mM Tris-HCl buffer (pH 7.5). The assay was performed in conical glass tubes and started by the addition of microsomes, followed by incubation at 37°C under anaerobic conditions (by continuously bubbling the mixture with nitrogen) for 30 min. The reaction was terminated by the addition of 100 l of methanol and centrifugation at 1,000 ϫ g for 5 min to sediment the protein. Reaction mixture aliquots (60 l) and unlabelled AZT and AMT were applied to the preadsorbent spotting area (loading zone) of a TLC plate, which was developed (for 30 to 40 min) in a solvent system consisting of chloroform-methanol-water-aqueous ammonia (80: 20:2:0.2). AZT, AMT, and GAZT separated well, and the band shapes were uniform and well resolved with R f values of 0.85, 0.2, and 0.08. The TLC bands were visualized under UV light, and the areas corresponding to AZT and AMT were scraped into scintillation vials. After addition of 0.5 ml of methanol and 9 ml of scintillation cocktail, the radioactivity was measured with a Beckman liquid scintillation counter. Control incubations were performed in the absence of either NADPH or microsomes. Enzyme activity was determined by expressing the radioactivity in the AMT region as a percentage of the radioactivity in the AMT and AZT bands combined.
Cofactor requirements were tested under anaerobic conditions, and the control had 5 mM NADPH as described above. The various cofactors studies were FAD, FMN, FMN plus FAD, and NADH with or without NADPH, all at 5 mM.
Kinetic parameters and interindividual variability. The K m and V max values of AMT formation in microsomes of three human livers were determined by the least-squares method in Lineweaver-Burke double-reciprocal plots. Microsomes prepared from seven human liver samples were examined for AZT azido-reductase activity. The incubation and assay conditions were as described above, except that the AZT concentration was 0.5 mM and the microsomal protein content was about 2.7 mg per incubation.
Inhibition and activation studies. Screening for inhibitors of AZT azidoreductase in human liver microsomes was conducted by using acetaminophen, bromovinyluracil, caffeine, chloramphenicol, chlorzoxazone, coumarin, cyclosporin A, dipyridamole, ethacrynic acid, fluconazole, 5-fluorouracil, indinavir, indomethacin, ketoconazole, mephenytoin, methylpyrazole, metyrapone, naproxen, ␣-naphthoflavone (␣NF), nitrazepam, nitroimidazole, phenobarbital, rifampin, ritonavir, saquinavir, sulfaphenazole, testosterone, and warfarin. The incubation conditions and radio-TLC assay procedure used were as described above, except that the AZT concentration was 0.1 mM and the test drug concentration was 1 mM. Both were added in methanol, the solvent was removed under a stream of nitrogen, and the residue was dissolved in 20 l of 70% ethanol containing [2-14 C] AZT. This amount of ethanol did not affect the AZT reductase activity. The inhibition data were expressed as AMT formation in the inhibition mixture relative to AMT formation in the control incubation (without the inhibitor).
RESULTS
A radio-TLC method was developed for separation, identification, and measurement of AZT, AMT, and GAZT in human liver microsomes by using channelled silica gel TLC plates. The incubation mixture was applied directly to a preadsorbent spotting area, eliminating the extraction and derivati-zation steps commonly required for high-pressure liquid chromatography methods (39) . The recovery of radioactivity from incubation and radio-TLC analysis was quantitative (93 to 100%). Table 1 summarizes the effects of various cofactors on AMT formation under the anaerobic condition achieved by continuously gassing the medium with nitrogen during the incubation period. Formation of AMT was NADPH dependent, and under air, no product was formed. NADH also catalyzed the azido-reduction, but its addition did not increase the rate of the NADPH-dependent reduction. AMT formation was not enhanced by addition of FAD or riboflavin, while it was inhibited weakly by FMN. Although the aerobic condition was not actively pursued, the microsome with FAD plus FMN catalyzed AMT formation as efficiently as did the anaerobic reaction (data not shown). This reaction under air was NADPH dependent with all cofactors at 5 mM.
To further characterize AMT formation, the incubation was carried out under various pH conditions. The formation of AMT increased as the pH of the incubation medium increased from 7.4 to 8.4, while the activity remained unchanged at pH 6.4. The azido-reductase activity was twofold greater at the alkaline pH, at which the azido group is nonprotonated, than at physiological pH, at which it is largely protonated.
Three human liver microsomes, designated K14, K19, and K21, were used to determine the kinetic parameters K m and V max of AMT formation; the K m values were 2.2, 2.3, and 3.5 mM, and the V max values were 0.90, 0.66, and 0.65 nmol/ min/mg of protein, respectively. Figure 1 shows the interindividual variability of AMT formation in microsomal fractions from seven different human liver samples. The rate of AMT formation ranged from 9 to 110 pmol/min/mg of protein, showing 11-fold variability. Two livers, K14 and K19, were chosen for inhibition studies on the basis of their relatively high azido-reductase activity.
As shown in Table 2 and Fig. 2 , AMT formation was inhibited to various degrees. An AZT concentration of 0.1 mM, notably lower than the K m , was selected and is in line with the literature (13, 26) . The inhibitor concentration was 10-fold higher than the substrate concentration. About half of the 28 compounds tested exhibited no significant inhibition, while metyrapone, ketoconazole, and three HIV protease inhibitors, indinavir, ritonavir, and saquinavir, were potent inhibitors of AZT azido-reductase. Activation of AMT formation was observed for three compounds, as shown in Fig. 3 . At concentrations of 0.5 to 2.0 mM, ethacrynic acid and dipyridamole enhanced the azido-reduction by 80 to 160% (P Ͻ 0.001) and indomethacin did so by 40 to 80% (P Ͻ 0.01). In the presence of 2 mM ethacrynic acid, the K m of the azido-reductase decreased from 2.6 to 0.74 mM (P Ͻ 0.01) and the catalytic efficiency (V max /K m ) increased by about threefold. Indomethacin at 2 mM influenced the kinetic constants of the azido-reductase to a lesser extent than did ethacrynic acid and increased the catalytic efficiency by 44%; the K m changed insignificantly, from 2.6 to 1.9 mM.
DISCUSSION
To find an effective inhibitor of AZT azido-reductase in human liver microsomes, 28 compounds, including substrates and inhibitors of NADPH-dependent reductases and P-450 enzymes, were screened ( Table 2 and Fig. 2 and 3 ). We observed their impact, inhibition or activation, on AMT formation.
To establish the optimal incubation condition for maximal formation of AMT by human liver microsomes, various exper- iments were performed to establish conditions for linear reaction with regard to cofactor requirements, protein, pH, and time. To address conflicting reports in the literature regarding the oxygen sensitivity of the AZT azido-reductase, both aerobic and anaerobic conditions were initially used. When we carried out incubation under air in the presence of NADPH in human liver microsomes, no conversion of AZT to AMT was detected. Thereafter, the azido-reduction of AZT to AMT in human liver microsomes was evaluated only under the anaerobic condition. The sensitivity of azido-reductase to oxygen may be explained as follows (20) . Electrochemical-reduction studies have shown that AZT azido-reduction is a two-electron process with removal of two nitrogen atoms and formation of a reactive nitrene intermediate which reacts with oxygen, yielding a molecule of superoxide anion radical, which, in turn, interacts with the nitrene intermediate, hence inhibiting the reaction.
Thirteen compounds significantly inhibited the formation of AMT to various degrees, from 30 to 88% (Table 2 and Fig. 2) . The most marked inhibitory effects were observed with metyrapone, ketoconazole, and three HIV protease inhibitors, indinavir, ritonavir, and saquinavir (Fig. 2 ). Ketoconazole was reported as an inhibitor previously (13) , and the data are comparable. Metyrapone inhibits many P-450-catalyzed reactions (12, 22) . It is interesting that this compound, also a known inhibitor of carbonyl reductase (18) , so potently inhibited, by 83%, AMT formation.
AZT is often coadministered with HIV protease inhibitors. The present in vitro results support the combination from a kinetic viewpoint, since the formation of toxic AMT may be reduced in vivo. Pharmacokinetic parameters in vivo, such as plasma half-life and clearance, can be calculated only when drug concentrations are markedly low in relation to the K m or saturable concentration of the enzyme (2). The AZT concentration used in this interaction study, 0.1 mM, is more than 20-fold lower than the K m value. The metabolic pharmacokinetic interaction study might show lower AMT levels after concurrent administration of indinavir or ritonavir.
The list of compounds in Table 2 includes those compounds that did not inhibit NADPH-dependent enzymes. Phenobarbital, methylpyrazole, and warfarin had no significant effect on AZT azido-reductase, even at a concentration 10 times that of AZT, indicating that their respective enzyme systems, alde-hyde reductase, aldehyde dehydrogenase, and DT-diaphorase, do not contribute to the azido-reduction of AZT. Furthermore, dihyropyrimidine dehydrogenase, which metabolizes the uracil moiety, is not involved in AMT formation.
The anaerobic condition is relevant in hepatocytes, since portal vein blood (80% of the hepatic blood supply) has low oxygen tension and some hepatocytes, tolerant to a hypoxic state, within tissue receive very little oxygen.
Unexpectedly, a number of drugs enhanced the formation of AMT. The most potent activators were ethacrynic acid (a carbonyl reductase inhibitor), indomethacin (a steroid dehydrogenase inhibitor), and dipyridamole (a glucuronyl transferase substrate), all of which increased AMT formation by about twofold.
Nonsteroidal anti-inflammatory drugs are often used for relief of nonspecific fever and musculoskeletal pain in HIV patients. Indomethacin and naproxen inhibited GAZT formation in vivo and in human liver microsomes (1, 33) . In our in vitro study, indomethacin activated the azido-reduction of AZT by 40 to 80%. Dipyridamole enhanced AMT formation by 80 to 120%, while this compound in vitro potentiated the antiretroviral activity of AZT (3) .
Enzyme activation in vitro is well known for P-450 isoforms, in particular, CYP3A. Huang et al. (16) reported the activation of benzo[a]pyrene hydroxylation by ␣NF to be CYP isoform and substrate selective. Furthermore, ␣NF activated the acetaminophen-reactive metabolite formation in rat liver microsomes and losartan oxidation in human liver microsomes (23, 37) . Recently, Irshaid et al. (19) showed that ␣NF, progesterone, testosterone, amiodarone, and lithocholic acid elevated the formation of an unidentified metabolite of dapsone in human liver microsomes. The other activators of CYP isoforms include caffeine, metyrapone, and testosterone (21, 23, 36) . However, all of these activators of CYP3A inhibited AMT formation.
Several mechanisms have been suggested for the in vitro activation of CYP isoforms. Huang et al. (17) proposed that the activation by ␣NF could be explained, in part, by promotion of electron transfer from cytochrome P-450 reductase to P-450. Schwab et al. (31) suggested that flavones are allosteric effectors which can increase catalytic efficiency (V max /K m ) by lowering the K m for the liver CYP3A enzyme and increasing V max . To better characterize the activation of AZT azido-reductase activity by ethacrynic acid and indomethacin, kinetic analyses were carried out to determine the change in the K m and V max of AZT azido-reductase. Our investigation indicates that activation by these compounds proceeds by two different mechanisms.
In the presence of ethacrynic acid, the K m of the azidoreductase decreased significantly, from 2.6 to 0.74 mM, and the catalytic efficiency (V max /K m ) increased by about threefold. Ethacrynic acid decreased the K m of AZT azido-reductase, suggesting an allosteric mechanism for the activation. For activation of the CYP3A enzyme, Shou et al. (32) demonstrated that a substrate can bind to the active site of the enzyme and influence the orientation of another substrate, thereby changing the regioselectivity of the metabolism. Indomethacin influenced the kinetic constants of the azido-reductase to a lesser extent than did ethacrynic acid and increased the catalytic efficiency by 44%; the K m changed insignificantly, from 2.6 to 1.9 mM. With indomethacin, the electron transfer may be accelerated.
Complexities of AIDS and its associated infections necessitate the coadministration of several chemotherapeutic agents, and drug interaction is inevitable. The combination therapy of protease inhibitors with AZT may, in addition to increasing antiviral activity, have the beneficial effect of inhibiting AMT formation. On the other hand, any interaction which favors the azido-reduction of AZT to AMT could increase its hematological toxicity. It has been observed in clinical studies, as well as in vitro, that AZT glucuronidation can be inhibited, potentially shunting more AZT to the azido-reduction pathway. Our findings provide the first kinetic evidence that the AZT azidoreductase in the human liver can be activated by several drugs. It is not known if these activators can influence the in vivo azido-reduction of AZT. If it occurred, significantly elevated levels of AMT would result. Although in vitro data have limitations and application to a clinical situation is often very difficult, our results will be useful in designing a clinical study.
Complementary clinical studies are needed to determine whether persons exposed to activators of the azido-reductase pathway or inhibitors of AZT glucuronidation will be more susceptible to the hematological toxicity of AZT therapy.
In summary, of the 28 compounds tested for inhibition of AMT formation in human liver microsomes, 13 compounds showed significant inhibition and the most potent of these are HIV protease inhibitors.
